This paper studies the data gathering problem in wireless networks, where data generated at the nodes has to be collected at a single sink. We investigate the relationship between routing optimality and fair resource management. In particular, we prove that for energy balanced data propagation, Pareto optimal routing and flow maximization are equivalent, and also prove that flow maximization is equivalent to maximizing the network lifetime. We algebraically characterize the network structures in which energy balanced data flows are maximal. Moreover, we algebraically characterize communication links which are not used by an optimal flow. This leads to the characterization of minimal network structures supporting the maximal flows.
Introduction, Our Contribution and Related Work
In full generality, this paper addresses the question and impact of fairly allocating resources while routing messages in networks. Resources belong to the nodes composing the network and the constraints emerging from resource limitation concern the traffic handled by nodes. By fairly allocating the resources we mean that their use must be proportionally distributed among the nodes in accordance to the node's available resources. To exemplify, we consider the particular, important case where the resource is the total energy available at the nodes for transmitting data. We consider the data gathering problem, where the nodes generate data that has to be collected by a unique sink. In this setting, nodes have generally many choices for routing the data to the sink following a multiple-hop pattern. The energy consumption of a node depends on the particular costs of the links chosen for transmitting the data. Classically, we are interested in Pareto optimal routing schemes which are such that no node can decrease its energy consumption without increasing the energy consumption of others. Although Pareto optimality is classically used to solve multiobjective optimization problems, this criterion usually does not define a routing scheme uniquely. However, we show that if we consider energy-balanced routing schemes then Pareto optimal and maximal flows are equivalent. This result is relevant because energy-balance is a local characteristic of flows and is suitable to be efficiently and distributively computed. Moreover, we show that maximizing the flow of data is equivalent to maximizing the lifetime of the network.
Another novelty of the paper is to algebraically characterize network's structure such that energy-balanced flows of data are maximal. We call such networks energy-balance optimal. This result is based on the equivalence between maximal flow and Pareto optimal solution provided that the flow is energy-balanced. Moreover, we also consider communication graphs Γ which contain an energybalance optimal subgraph Λ and which are such that the maximal energy-balance flow in Λ cannot be increased by adding edges in Γ to the communication graph. In this case, we define that Λ is energy-balance optimal in Γ . As an application we investigate a particular simple topology which is energy-balance optimal in the complete graph and two realistic energy-balance optimal network structures.
To conclude the paper, we suggest an algorithm to online and distributively balance the energy-consumption of the nodes on the top of energy-balance optimal network structures. Numerical validations show that the algorithm is stable in the sense that the difference between the maximal and minimal energy consumption is bounded. Although theoretical works have still to be conducted to theoretically understand the conditions ensuring the existence of energy-balance flows, this (partly) validates our assertion that the local character of energybalance flows is sutiable for distributed online algorithms.
An important application of our work is the ability to maximize the flow (and also the network lifetime) in any particular communication graph by generating an energy balanced flow. This is an important generalization over previous work ([7,8,11,15,5] ). Interestingly, our results here imply (a) energy balanced data propagation using only two transmission levels (i.e. either to one hop neighbors or to the sink directly) is optimal, since they maximize the flow (b) and, we show the conditions under which we can compute such an energy balanced data propagation pattern.
The energy balance problem is particularly relevant in smart building scenaria and applications, in order to maximize the lifetime of the already deployed sensor network and also (via the flow maximization) to accelerate the collection of sensory readings. Furthermore, balancing the energy dissipation among the nodes of the network also contributes to keeping the electromagnetic radiation
